Abstract. Several popular extensions of the Standard Model predict extra vector fields that transform as triplets under the gauge group SU(2) L . These multiplets contain Z and W bosons, with masses and couplings related by gauge invariance. We review some model-independent results about these new vector bosons, with emphasis on di-lepton and lepton-plus-missing-energy signals at the LHC.
Introduction
Extra vector bosons are a common feature of all theories beyond the Standard Model (SM) with an extended gauge group. The possible extensions of the gauge group have a common feature: they contain the SM group G SM = SU(3) C × SU(2) L × U(1) Y as a subgroup. It is convenient to use this piece of information to systematically organize the analyses of the new vectors from a model-independent point of view [1] . In this phenomenological approach, gauge invariance under G SM plays two crucial, related roles: it provides a classification principle and it restricts the possible interactions of the new particles, giving rise to a simple and natural parameterization in terms of masses and couplings.
Assuming renormalizable interactions to avoid suppressions from a higher scale, gauge invariance implies that only fifteen different multiplets of vector bosons can be singly produced at colliders [1] . Each of these multiplets has definite quantum numbers under G SM . 1 We can have, for instance, singlets B ∈ (1, 1) 0 , such as the Z bosons associated with an extra U(1) factor, color octets G ∈ (8, 1) 0 , such as the Kaluza-Klein excitations of gluons, etc. Here, we will study another important type of vector bosons: isospin triplets W ∈ (1, 3) 0 . These multiplets are formed by a neutral Z boson and a pair of W bosons, of charge ±1.
Vector triplets are interesting for various reasons. From the theoretical side, they appear in well-known extensions of the SM, such as little Higgs, composite and extra dimensional models. 2 Experimentally, they are the Talk given by M. Pérez-Victoria at LHCP 2013, Barcelona, Spain, May 13-18, 2013. a e-mail: jlizan@ugr.es b e-mail: mpv@ugr.es 1 We use the standard notation (C, I) Y to denote irreducible representations under G SM , with C and I the dimension of the SU(3) C and SU(2) L representation, respectively, and Y the hypercharge. 2 The simplest gauge extension of the SM that gives rise to vector triplets is SU(3) C × SU(2) 1 × SU(2) 2 × U(1) Y , spontaneously broken to only vector bosons, together with singlets B, that can give rise to sizable resonant signals with leptonic final states at the LHC [3] . 3 Unlike singlets, they have charged components that can contribute to lepton-plus-missingtransverse-energy ( + / E T ) events. They can also produce observable di-jet and di-boson signals.
The model-independent study of the collider phenomenology of vector triplets was initiated in [3] . Here, we will describe the basic properties of these vector bosons and review some results about their leptonic signatures at the LHC. We will emphasize the possibility of combining the data from searches of Z and W bosons in this context.
Effective description of vector triplets
Let us consider an extension of the SM with a vector field W that belongs to the (1, 3) 0 representation of G SM . We make no assumption about the origin of the new field. To analyse the phenomenology of this scenario in a modelindependent manner, we consider a general Lagrangian with gauge-invariant operators of dimension 4, built with the SM fields and W [1, 4] :
with L SM the SM Lagrangian,
G SM . See [2] for an analysis of a simple model based on this pattern of symmetry breaking. 3 We are assuming that there are no extra fermions lighter than the vector bosons. 
The derivative D µ is covariant with respect to the SM gauge group; l i and q i denote the left-handed lepton and quark doublets of the ith family, respectively; and W a µν is the field-strength tensor of the SU(2) L gauge fields. We have only written the terms with up to two extra vector fields, which are the ones relevant for phenomenology, and have assumed, for simplicity, diagonal and universal couplings to the three families of fermions in the interaction basis. Also for simplicity, we will consider in the following a real coupling g φ .
Electroweak precision tests put limits on the parameters in this Lagrangian. They were calculated from a global fit in [1] , and stay mostly unchanged when updates in the precision observables are taken into account. In Figure 1 , we show the limits on the coupling to mass ratios G
, is due to the fact that the vector triplet preserves custodial symmetry and does not modify the ρ parameter. However, note that in order to have leptonic events we need G l W 0. In this case, the plots show that the ratios G In the second plot, we have also displayed lines of constant |g/µ|, withg
As we explain below, the LHC cross sections depend mostly on this combination of couplings. From the righthand plot in Fig. 1 , we can read the upper bound |g/µ| 0.25 TeV −1 . After electroweak symmetry breaking, the neutral and charged components of the triplet mix with the Z and the W gauge bosons. The resulting neutral mass matrix is
with
, the eigenvalues of this matrix are
and the matrix is diagonalized by a rotation of angle α n with sin α n
. Similarly, the mass matrix in the charged sector is
, the eigenvalues read
and the mixing angle in the 2 × 2 unitary matrix diagonal-
. It is apparent that, as announced before, the mixing with the triplet does not spoil the custodial-symmetry relation between the mass of the Z and the W. Moreover, the neutral and charged heavy vectors stay nearly degenerate:
On the other hand, the mixing does modify the interactions of the mass eigenstates with the fermions, including the appearance of a new coupling of the Z to right-handed singlets. It also induces interactions involving one heavy vector eigenstate and light vectors or the Higgs boson. All these effects are suppressed by sin α n,c , which in turn are constrained by perturbativity of the coupling g φ and by the electroweak limits above. Note, however, that the decay widths of the heavy vectors into longitudinal light vector bosons and Higgs bosons are enhanced by derivative couplings, which can lead to a large di-boson branching ratio and an increased total width, even for relatively small mixing. In order to simplify the LHC analysis, we will set g φ to zero in the following, so that the mixing vanishes. This assumption maximizes the leptonic branching ratios. The phenomenology of our effective theory is then characterized by three parameters: M W , g l and g q . (The g W term plays no relevant role when g φ = 0.) The masses of the new vector bosons are degenerate,
while their couplings to fermions in the mass eigenstate basis are given by
with V the CKM matrix. We see that the W and Z bosons only interact with the left-handed fermion chiralities. For this reason, the notation W L is sometimes used to distinguish the charged vector in this multiplet from a W R , which couples instead to the right-handed fermions. 5 Analogously, the Z in this multiplet may be called a Z L . 4 Within the approximation used to derive the electroweak bounds above, we can safely interchange µ and M W . 5 For the particular choice g l = g q = g, in the charged sector we have exactly the sequential W model, commonly used as a benchmark in the Atlas and CMS analyses of charged vector bosons. On the other hand, the Z is not sequential. It couples to the third component of isospin. The isospin dependent couplings of this neutral vector reveal that it belongs to a multiplet of dimension higher than one.
Vector triplets at the LHC: leptonic signals
For g φ = 0, Drell-Yan is the only relevant production mechanism of the Z and W bosons in the triplet. These heavy bosons can then decay into different final states involving quarks or leptons. Here, we concentrate on the leptonic modes, + − and + / E T (with = e, µ). In the narrow width approximation, the corresponding cross sections at the LHC can be written as
where the functions ω u,d,c , which contain the information of parton distribution functions, depend on the collider energy and the mass of the heavy bosons, but not on their couplings. This model-independent parameterization of the Z cross section was proposed in [6] (see also [7] for an update for the LHC); the one for the W one is a trivial extension. triplets, they are given by [3] 
c c =g
Therefore, in the narrow width approximation, the cross sections for the leptonic processes mediated by the Z and W bosons in a vector triplet depend on the same two parameters: the effective couplingg, defined above, and the mass M W = M Z = M W . There is thus a complete correlation between the + − and + / E T events produced by the triplets. This simple property would be crucial to identify this SM extension in case of observation at the LHC. For the moment, we have to content ourselves with using the LHC results to put limits on the couplings and masses. In Fig. 2 , we show the implications of the general bounds on c u and c d obtained by CMS in [8] from a di-lepton analysis, for the effective couplingg of the coupling.
While the narrow width approximation captures well the basic implications of extra vector triplets, the cross sections can be significantly affected by the shape of the resonances and the interference with SM amplitudes. These effects are specially important for the W , as emphasized in [9] , and also for broad Z bosons with masses close to the kinematical reach of the collider [10] . The precise cross sections are thus sensitive to the individual couplings g l and g q , and not only to the combinationg. For instance, when g l and g q have the same sign, the interference of the amplitudes mediated by W and W bosons is negative in the energy region between their poles, whereas for opposite signs, it is positive. A complete general analysis can then be done (for g φ = 0) in terms of three parameters (a mass and two couplings). Here, we just present precise bounds in the cases with g q = g l , for which we also haveg = g l . We use data from direct searches of resonances decaying to leptons in The bounds obtained using the + − and + / E T channels separately are delimited by the (red) dashed and (blue) dot-dashed lines, respectively. The solid black line represents the limits for the combination of both channels. Finally, the grey bands represent the systematic uncertainty, corresponding to a ±10% variation in the signal. We also show in blue the region excluded by electroweak precision data.
CMS at the LHC ( [8] and [11] ). We find limits from both the + − and the + / E T channels. Moreover, in order to take advantage of the theoretical correlations between the Z and W signals, we also find limits from a combination of the data in both channels, which involves a common test-statistic (for more details, see [3] ). Figure 3 shows our exclusion limits at the 95% C.L., in the CL s approach, for the individual + − and + / E T channels and for their combination. Note that each curve represents limits on the masses and couplings of both the Z and the W bosons in the triplet. For comparison, we also display in the same plot the region excluded by electroweak precision tests. We can notice in this figure several interesting features. 6 First, comparing the limits from individual channels, we see that the ones from + / E T are stronger, despite the fact that this final state requires a transverse-mass, rather than invariant-mass, analysis. The reason is the factor-4 difference between c u = c d and c c , which comes from the couplings in Eqs. (10) and (11) . This final state thus gives stronger constraints on the Z inside the triplet than the ones from the more obvious di-lepton final state. Second, we see in the plot that the combination of neutral and charged channels leads to stronger bounds than the ones from the best of the individual channels. In particular, this shows that, even if the combined limits are dominated by + / E T , the information from + − data is useful too. Finally, we see that in the region of large masses and couplings, the bounds from electroweak precision data are stronger than the ones from the searches of leptonic resonances at the LHC. For example, in the case of the sequential W model, the LHC has only explored so far masses that had already been excluded by LEP. So, it is no wonder that such a particle has not been discovered in the first LHC run.
Conclusions
Vector triplets appear in many models beyond the SM. We have showed how their phenomenology can be studied in a model-independent fashion, using an effective Lagrangian that describes their general interactions with the SM particles. The most characteristic signature of a vector triplet at the LHC is a pair of peaks at the same position (and of comparable size) in the invariant-mass and transversemass distributions of + − and + / E T events, respectively. The combined analysis of these distributions is useful for limit setting, discovery and model identification.
Searches with other final states are important as well. A vector triplet with small lepton couplings is better seen as a resonance in di-jet events. This channel is sensitive to the quark couplings, which are poorly constrained by electroweak precision data. In this case, however, the Z and W bosons contribute inclusively to the same observable, so this channel alone would not allow to distinguish a vector triplet from many other possibilities. The tt and tb final states, on the other hand, receive separate contributions from the Z and W in the triplet, and would be useful to identify this multiplet. These decay modes are especially relevant when the triplets couple preferentially to the third family of quarks. Finally, the different di-boson final states become essential for non-negligible mixing. A combined analysis of neutral and charged channels is also possible in this case.
We have only considered here a minimal extension of the SM with one vector triplet. In general, all the results above are unchanged by the presence of additional multiplets of vector bosons. We should mention, however, one exception. In extensions with a singlet B and a triplet W, a mixing between the Z bosons in the two multiplets is allowed in the electroweak broken phase [3] . This mixing has two effects: it removes the mass degeneracy of the triplet and it modifies the couplings of the eigenvectors. However, the mixing can only be sizable when the gauge-invariant masses of both multiplets are similar. As a consequence, one of the neutral eigenstates always stays close to the W . This scenario can be used to construct a consistent sequential Z model. Such a consistent, gaugeinvariant model necessarily predicts, besides the Z with SM couplings, another Z boson and a W boson, all of them with a comparable mass. More details about extensions with vector triplets and singlets can be found in [3] .
